Summary
Introduction
Because of the worldwide increasing prevalence of obesity and its associated problems such as diabetes mellitus (DM) and hypertension [1] [2] [3] , the number of patients with complications such as renal function loss will also increase. Diagnosing renal dysfunction at an early stage is advocated, since early changes in lifestyle and pharmacological interventions can prevent or slow down further progression of renal damage [4] [5] [6] . To facilitate early recognition of chronic kidney disease (CKD), the Kidney Disease Outcome Quality Initiative (KDOQI) guidelines were introduced [7] . These guidelines classify CKD based on structural abnormalities, persisting albuminuria and/or hematuria of glomerular origin and an estimated glomerular filtration rate (eGFR) [8, 9] . Increased urinary excretion of albumin is an early and sensitive marker of CKD due to DM and hypertension. Numerous studies have shown a strong independent association between the level of urinary protein excretion and the risk of cardiovascular mortality in populations with DM [8, 10, 11] . Besides albuminuria, eGFR remains the cornerstone for assessment and staging of CKD. Since the use of serum creatinine alone as a measure for renal function is too inaccurate, and inulin, radioactive Drion/Joosten/Santing/Logtenberg/Groenier/ Lieverse/Kleefstra/Bilo tracer elements, or 24-hour urine collections are either expensive or cumbersome in daily practice, different formulae have been developed in the past decades to estimate the GFR or creatinine clearance (Crcl).
There is considerable debate regarding the indiscriminate use and interchangeable results of the 4-variable Modification of Diet in Renal Disease (MDRD) equation [12] , the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [13] , and the Cockcroft-Gault (CG) equation [14] in overweight and obese patients [15] [16] [17] [18] [19] [20] . The MDRD, based on GFR measurements using 125 I-iothalamate, was developed in a relatively young population (subjects < 70 years of age) with known renal disease (mean GFR 39.8 ml/min/1.73 m 2 ) and overt proteinuria (> 1 g/day urinary protein loss). The body weight of these subjects was ≥ 80% and ≤ 160% of their standard body weight. The MDRD is considered to be reliable in subjects with a GFR ≤ 60 ml/min/1.73 m 2 , and is indexed for a body surface area (BSA) of 1.73 m 2 (which approximates the BSA of a non-overweight average-sized person) [12] . The CKD-EPI was developed in an attempt to get a better estimate of GFR in values exceeding 60 ml/min/1.73 m 2 . It was developed in a population with a mean GFR of 68 ml/min/1.73 m 2 (indexed for BSA) and a mean BMI of 28 kg/m 2 [13] . The CG is an equation to estimate the Crcl that was developed in a cohort of largely non-obese male subjects with a wide age range, a weight within the 10% range of fat-free body mass, and normal renal function [14] . Therefore, a CG estimate is considered to be especially reliable in Crcl levels > 60 ml/min. Unlike the MDRD and the CKD-EPI, body weight is included as a variable because it is a crude estimate of muscle mass and therefore also of creatinine 'production'. Since excess body weight in an overweight and obese population usually comprises adipose tissue and not muscle mass, this formula is thought to have considerable limitations in this patient category.
Theoretically, the CG will virtually always provide higher results than the MDRD, since the CG equation not only represents glomerular function but also tubular function. Furthermore, most adults will have a larger BSA than the standard BSA of 1.73 m 2 which is used in the MDRD and CKD-EPI. This means that these differences may lead to misunderstandings and incorrect interpretation of results. Therefore, we aimed to investigate the influence of (over)weight on the performance of the MDRD and CKD-EPI equations versus the CG equation in diabetic patients, and to analyze the effect on the (mis)classification of CKD.
Material and Methods

Study Population
The data for this retrospective, observational, cross-sectional study were collected from May 25, 2011) . 13 patients with a Crcl of more than 250 ml/min and 2 patients who were younger than 18 years old were excluded, as the eGFR prediction equations are not validated in this patient group. In cases in which more than 1 24-hour urine sample was performed (n = 236) in the indicated period, the most recent sample was used. Ultimately, the database contained complete data for 844 patients. The population is a mixture of type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) patients. The exact numbers of each type are unknown. Permission from the Medical Ethics Committee was not required, as our data only included anonymized patient characteristics and laboratory data.
Renal Function Measurement
The enzymatic Roche Modular P method, validated by isotope dilution mass spectrometry (IDMS), was used to measure serum and urinary creatinine. The 4-variable MDRD and the CKD-EPI were used to estimate GFR (for formulae, see table 1). Crcl was estimated by using the CG equation. In this study, measured Crcl was used as a reference value for renal function. This value was based on a 24-hour urine collection, and calculated using the formula U×V/P (table 1) to calculate the 24-hour creatinine clearance rate. In order to make a better comparison between Renal Function Prediction Equations and Body Mass Index 395 MDRD, the MDRD-BSA, the CKD-EPI, the CKD-EPI-BSA, and the CG. Krippendorff's coefficient was used as an aggregate measure for method concordance. A Krippendorff's coefficient of 1 shows perfect concordance between 2 methods and a Krippendorff's coefficient of -1 shows perfect discordance [16] . Bias was defined as the mean difference between the renal function prediction equations and Crcl, whereas precision was defined as the SD of this difference. Accuracy (a combination of bias and precision), and the percentage of patients who had an estimated kidney function within 30% and 50% limits of the Crcl, were calculated.
Results
Population Characteristics and Design
The patient characteristics of this study are presented in table 2. The mean (SD) Crcl of the overall study population was 112 (45) ml/min. The mean renal function of the overall population estimated with the MDRD, MDRD-BSA, CKD-EPI, CKD-EPI-BSA, and CG was 76 (25) ml/min/1.73 m 2 , 87 the estimations of the MDRD/CKD-EPI on the one hand versus the CG/ Crcl on the other hand, the results of the MDRD and CKD-EPI were recalculated for the individual BSA (using the DuBois formula [15] as mentioned above) of each patient (designated as MDRD-BSA and CKD-EPI-BSA, respectively).
Statistical Analysis
Data analysis was performed using SPSS version 16.0 (SPPS Inc., Chicago, IL, USA). Demographic data were stratified according to BMI categories, and presented as median (interquartile range, IQR) or mean (standard deviation, SD), depending on whether data were skewed or not. The Student's t-test, the chi-square test, or ANOVA were used to compare demographic characteristics and the values of the renal function prediction equations between the BMI categories. The accuracy of the renal function prediction formulae for the different BMI categories was compared using the McNemar test. The performance of the GFR prediction equations, the GFR prediction equations corrected for BSA, and the CG were compared by calculating correlation, Krippendorf's coefficient [16] , bias, precision (the SD of the bias), and accuracy for each BMI category. Spearman's coefficient of correlation was calculated for each BMI category to determine the correlation between Crcl and the results of the Correlation and Krippendorff's Coefficient Both GFR estimates, also after a correction for BSA, and the CG result were correlated with the Crcl value of each BMI category (table 3) . Overall, the Spearman's correlation coefficient was 0.73 for the MDRD, 0.80 for the MDRD-BSA, 0.74 for the CKD-EPI, 0.81 for the CKD-EPI-BSA, and 0.78 for the CG equation. If no correction for BSA takes place, the correlation between the CG and the Crcl proves to be superior to the GFR prediction equations in all BMI categories, except for the MDRD equation in the normal weight category (as might be expected). When GFR formulae are corrected for BSA, the correlation between the CKD-EPI-BSA and MDRD-BSA results is stronger than between the CG result and Crcl in all BMI categories. Because correlation alone is insufficient to prove the concordance among methods, the Krippendorff's coefficient was calculated (table 3) . The best concordance was found between the CG result and Crcl within all BMI categories. The CKD-EPI result had the worst concordance with Crcl in all BMI categories, even after correction for BSA.
(31) ml/min, 78 (24) ml/min/1.73 m 2 , 90 (30) ml/min, and 99 (42) ml/min, respectively. The total study population was equally divided between the BMI categories, and included subjects across a wide range of ages (20-92 years), with BMI scores ranging between 15 and 58 kg/m 2 . The Crcl values ranged between 11 and 250 ml/min. Although nonsignificant, there were considerable differences in sex distribution between the BMI categories. No significant differences in age and HbA1c were observed between the BMI categories. After calculating the results of the GFR prediction equations and the CG equation for each BMI category, only the MDRD result was significantly different between the normal group (BMI < 25 kg/m 2 ) and the overweight group (BMI 25-29.9 kg/m 2 ) (p < 0.04). Between the normal and obese group, significant differences were found for the Crcl value (p < 0.01), MDRD-BSA (p < 0.01), and CG result (p < 0.001). However, when the GFR prediction equations were not corrected for BSA, no significant differences were found (MDRD equation: p < 0.95, CKD-EPI equation: p < 0.97). to an increase in GFR of each single nephron since the number of nephrons will not increase with increasing body fat [23] . Ultimately, nephrons will function near to or on maximum capacity, i.e. hyperfiltration. Correcting GFR for BSA obscures this problem, as was shown in a cohort of 81 obese patients (BMI 41 ± 9 kg/m 2 ) with a mean GFR of 101 ± 24 ml/min (measured by 51 Cr-EDTA) and a mean indexed GFR of 76 ± 16 ml/min/1.73 m 2 [24] . When the absolute GFR or the indexed GFR were used as a reference, the MDRD formula underestimated (mean difference -11 ± 20 ml/min) and overestimated (mean difference 14 ± 18 ml/min/1.73 m 2 ) the measured GFR, respectively. The observed underestimation of the GFR using the MDRD can be expected based on pre vious literature; however, the overestimation when using an indexed GFR is remarkable and suggests that back-correction for BSA is needed [24] .
Although overweight and obesity have almost reached epidemic proportions nowadays, the Caring for Australians with Renal Impairment (CARI) guidelines are the only guidelines that mention the influence of weight on the GFR prediction equations [25] . These guidelines are also the only ones warning against the unreliable prediction results of the MDRD equation in an overweight and obese population [25] . The influence of weight on renal function equations should however, be considered, especially since many laboratories have started to use automated reporting of MDRD estimates. More importantly, clinical decisions are based on these renal function estimates.
The observation in our study, that the CG equation had the least bias in overweight and obese subjects, is supported by previous publications [17, 18] . In a population of newly diagnosed T2DM patients with a mean isotopic GFR of 115 ml/ min/1.73 m 2 , the CG equation had the most pronounced bias in lean subjects (mean -20.6 ml/min/1.73 m 2 , confidence interval (CI) -23.9 to -17.3), and a bias that diminished with increasing body weight (-5.6 ml/min/1.73 m 2 in an obese population). Contrarily, the bias of the MDRD increased (from -21.3 ml/min/1.73 m 2 in the normal weight group to -28.9 ml/ min/1.73 m 2 in the obese group), while accuracy decreased [19] . The fact that we found more pronounced results compared to the study by Chudleigh et al. [19] might be due to the use of Crcl values instead of 51 Cr-EDTA values as a reference for renal function. Verhave et al. [17] studied the performance of the CG and MDRD equations in a diverse cohort of outpatients with serum creatinine levels of less than 1.5 mg/dl (< 133 mol/l). In their study, a rather similar trend for the CG was found, except that in the obese population an overestimation of +10.1 ml/min was found. This is in contrast to our study in which we found a small underestimation. Also in contrast to our findings, the investigators found that the MDRD equation underestimated the GFR to a certain extent (approximately -12.4 ml/min/1.73 m 2 ), irrespective of BMI [17] . It is possible that their results slightly differ from our results because of differences in creatinine measurement. In our study, creatinine was calibrated to IDMS.
Bias and Precision
All prediction equations had a negative bias in the various BMI categories. The bias varied widely, as can be seen in figure 1. The higher the BMI, the greater the mean bias for both the MDRD and the CKD-EPI equation (fig. 1 ). When the MDRD and the CKD-EPI were corrected for BSA, the results were similar. However, the mean bias for these 2 equations did not increase as much in the higher BMI categories ( fig. 1 ). For the CG equation, a decreasing trend in bias was observed with increasing BMI, from -18.7 ml/min in BMI < 25 kg/m 2 to -4.0 ml/min in BMI ≥ 30 kg/m 2 (p < 0.001). No significant differences in performance were found between the CKD-EPI and the MDRD equations in the normal weight and overweight group (p = 0.88 and p = 0.50, respectively). In the obese patient group, the MDRD performed significantly better than the CKD-EPI (p = 0.01). The precision of all these formulas varied widely in all BMI categories (table 4) .
Accuracy
In table 4, the accuracy of the various renal function estimates is presented for each BMI category. The CG had the best accuracy (> 70.4%) in all BMI categories. The CKD-EPI equation had a better accuracy than the MDRD equation in all BMI categories (when a dispersion of 30% was tolerated), although the difference in accuracy was only significant in the overweight group (< 0.01); accuracy decreased with increasing BMI. However, when the GFR prediction equations were corrected for BSA, the MDRD-BSA performed significantly better in all BMI categories than the CKD-EPI-BSA (p < 0.01), and the higher the BMI, the lower the accuracy.
Discussion
This study shows that the CG is a better predictor of renal function than the MDRD and the CKD-EPI in diabetic patients, especially when patients are overweight or obese, at least when Crcl is used as a reference value. The MDRD and CKD-EPI equations provided less accurate results for overweight and obese patients. Even though the renal function in the studied population was good (mean Crcl 112 ml/min), the recently developed CKD-EPI did not perform significantly better than the MDRD. When the MDRD and CKD-EPI were corrected for BSA, bias and accuracy improved. Even so, the CG outperformed the GFR prediction equations in the overweight and obese patient group.
The limitations of creatinine-based prediction equations in overweight and obese populations have been discussed in the literature before [17] [18] [19] [20] [21] [22] . There is still an ongoing debate about renal function prediction equations in these populations. A condition frequently encountered in obese and diabetic patients that should be taken into account in this debate is renal hyperfiltration. The suggested underlying mechanism is that progressive obesity alters renal hemodynamics, leading ance methods that are reserved for research purposes. Unfortunately, details concerning duration of DM, blood glucose lowering treatment, and the presence of albuminuria are not available for this population due to the method of data collection. The inclusion of such data would have allowed the analysis to be more complete.
An important strength of our study is that creatinine clearances in our cohort ranged from 10.7 to 249.5 ml/min. In addition, the majority of our subjects had normal or mildly decreased renal function. The performances of the CG, MDRD, and CKD-EPI equations could therefore be assessed over a wide range of renal functions. Furthermore, recent studies have emphasized the importance of careful calibration of serum creatinine measurements in order to further improve the reliability of the GFR estimation formulae [26] . In this study, IDMS-calibrated serum creatinine measurements were used, so misclassification of renal function due to less reliable creatinine testing is unlikely.
Conclusion
In this study, performed among diabetic patients in various weight categories, the CG was the best predictor of renal function compared to the 4-variable MDRD and CKD-EPI when used in an overweight or obese population. The recently developed CKD-EPI equation has no additional value over the existing prediction equations. When the existing prediction equations are used in clinical practice, their disadvantages should be kept in mind when making decisions based on the results of these equations.
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The influence of weight on the CKD-EPI has not yet been evaluated in a cohort of diabetic subjects. In a recently published study performed among potential kidney donors (mean Crcl 78.2 ml/min/1.73 m 2 ), the researchers found that the CKD-EPI and the MDRD equations were not influenced by BMI, contrary to the CG [20] .
Many of the above mentioned studies, comparing the performance of the CG and the MDRD, use an indexed CG equation (often the standard BSA of 1.73 m 2 ). In our opinion, this is incorrect. Since weight is one of the clinical variables included in the CG equation, a correction for BSA will result in a double correction for weight. This double correction may well have influenced the performance of the equation in these studies. Moreover, a correction to a standard BSA of 1.73 m 2 may result in a worse performance of the MDRD and CKD-EPI equations. In patients with a normal BMI, the impact of a correction to a standard BSA of 1.73 m 2 is rather small, since 1.73 m 2 is approximately the BSA of a non-overweight person. However, such a correction will lead to considerable underestimation of renal function in obese patients, since a lot of obese people have a BSA which grossly exceeds 1.73 m 2 . When we corrected the values in our study to a standard BSA of 1.73 m 2 , the MDRD and CKD-EPI equations did indeed perform worse. But when we corrected the data to the actual BSA of participants, the performance of both the MDRD equation and the CKD-EPI equation improved considerably. Another reason why the MDRD equation in our study performed worse than the other equations might be that the average renal function in the study population was good and the MDRD equation has only been validated in a population with impaired renal function (MDRD < 60 ml/min/1.73 m 2 ). Finally, Crcl is not a true reflection of GFR. Still, Crcl is a common way to measure renal function in daily practice; contrarily to various isotopic clearance techniques or other clear-
